Aims/hypothesis Observational studies in humans suggest that low birthweight may decrease the risk of type 1 diabetes, but the mechanism is unknown. We hypothesised that antenatal undernutrition would decrease the incidence of type 1 diabetes in non-obese diabetic (NOD) mice. Materials and methods A 40% restriction of energy intake was applied to pregnant NOD dams from day 12.5 to day 18.5 of gestation, resulting in intrauterine growth retardation of offspring. All mice were fed a standard diet after weaning. Control and undernourished female offspring were followed to assess diabetes incidence. Male NOD mice were treated with cyclophosphamide to accelerate development of diabetes. Glucose homeostasis, body composition and pancreatic histology were compared in control and undernourished offspring. Results Mean birthweight was lower in undernourished than in control mice (p=0.00003). At 24 weeks of age, the cumulative incidence of spontaneous diabetes in female mice was 73% in control and 48% in undernourished mice (p=0.003). In cyclophosphamide-treated male mice, antenatal undernutrition also tended to reduce the development of diabetes (p=0.058). Maternal leptin levels were lower in undernourished dams on day 18.5 of pregnancy (p=0.039), while postnatal leptin levels were significantly higher in undernourished offspring at 4, 20 and 27 weeks of life (p<0.05). Beta cell mass was similar in both groups (control = 0.4 mg; undernourished = 0.54 mg; p=0.24). Histological evidence of apoptosis at 20 weeks was greater in control than in undernourished mice (control = 6.3± 1.4%; undernourished = 4.2±0.3%, p=0.05). Conclusions/interpretation Antenatal undernutrition reduces the incidence of diabetes in NOD mice, perhaps via alterations in apoptosis.
Introduction
The intrauterine environment is increasingly recognised as a major determinant of patterns of disease during postnatal life. While much research has focused on the link between birthweight and later risk of cardiovascular disease, obesity and type 2 diabetes [1] , epidemiological studies also suggest a link between birthweight and type 1 diabetes [2] [3] [4] . In contrast with the risk of type 2 diabetes, which is highest among both small-and large-for-gestational-age neonates [5] , the incidence of type 1 diabetes increases linearly with birthweight [6, 7] . Rates of type 1 diabetes have historically been lower among individuals born during periods of food scarcity, supporting a role for antenatal nutrition in disease pathogenesis [8] . Early postnatal life may also play an important role, with beta cell autoimmunity sometimes beginning in early infancy in individuals at high genetic risk [9] . Moreover, childhood growth patterns characterised by rapid weight [10] or height [11] gain are also associated with increased diabetes risk. Multiple lines of evidence, then, suggest that both antenatal and perinatal factors play a role in the pathogenesis of type 1 diabetes.
The mechanisms by which the intrauterine nutritional environment modulates the risk of type 1 diabetes are not well understood. The non-obese diabetic (NOD) mouse, one of the most widely used animal models of autoimmune diabetes, replicates some, but not all, of the complex pathophysiology of human type 1 diabetes. To our knowledge, the effects of in utero undernutrition on diabetes incidence in NOD mice have not been previously studied.
The aims of the present study were: (1) to examine the effects of intrauterine undernutrition on the incidence of diabetes in NOD mice; and (2) to characterise glucose homeostasis, leptin and insulin secretion, and pancreatic insulitis as functions of intrauterine undernutrition.
Materials and methods
Animal care and experimental method At 6 weeks of age female NOD mice (Jackson Laboratory, Bar Harbor, ME, USA) were randomly assigned to control or undernourished groups and mated with NOD males. Pregnancies were timed by presence of vaginal plug (day 0.5). In the undernourished group, maternal food intake was reduced by 40% (calculated from mean daily intake for pregnant control NOD) from days 12.5 to 18.5 of pregnancy, followed by free access to chow until delivery (control: day 19.5; undernourished: day 19.7; p=0.76). Pups were weighed and marked with a tattoo as means of identification on day 1 of life. Litter size was standardised to five pups per nursing dam. Pups were permitted to nurse freely. At age 21 days, offspring were weaned to standard chow (LabDiet 9F; Purina Mills, St Louis, MO, USA). Mice were housed in the Joslin Diabetes Center Animal Facility (darklight cycle 06.00 to 18.00 h). All animal protocols were approved by the Joslin Institutional Animal Use and Care Committee; Principles of Laboratory Animal Care (NIH publication 1985 ; http://grants1.nih.gov/grants/olaw/ references/phspol.htm) were followed.
In vivo metabolic evaluation To assess whether maternal undernutrition affected whole-body glucose metabolism in offspring, we measured fed and fasted glucose and insulin levels in control and undernourished offspring at age 8 weeks (n=8 per sex and group). For all analyses, male and female mice were evaluated independently, unless otherwise specified. Intraperitoneal glucose tolerance tests (2 g/kg) were performed in awake mice after a 16-h fast, with tail vein sampling for glucose at 0, 15, 30, 60 and 120 min, and insulin measurements at 0 and 30 min (n=6 per sex and group). Intraperitoneal insulin tolerance tests (1 U/kg regular human insulin) were performed in awake, fed mice at 14.00 h, with glucose measured at 0, 15, 30 and 60 min (n=6 per sex and group), using a commercially available device (Glucometer Elite; Bayer, Mishawaka, IN, USA). Serum insulin levels were measured by ELISA using mouse standards (Crystal Chem, Downers Grove, IL, USA).
Diagnosis of diabetes Female offspring in control (n=72) and undernourished groups (n=67) were followed longitudinally with twice-weekly random glucose measurements for up to 28 weeks. Diabetes was defined as glucose >13.9 mmol/l on two consecutive measurements. Once diabetes was diagnosed, mice were removed from the cohort.
Acceleration of diabetic phenotype in males The incidence of diabetes in NOD mice differs by sex. While both sexes develop insulitis, female mice develop diabetes at an earlier timepoint and more frequently than males [12] . We therefore administered cyclophosphamide (200 mg/kg, i.v., tail vein) to a subgroup of 12-week-old males (control = 15; undernourished = 23) to accelerate development of diabetes [13] . Glucose was measured every 2 days; diabetes was defined as glucose >13.9 mmol/l.
Pancreatic histology and insulitis scoring Offspring mice (12 males and 12 females, equally divided between control and undernourished groups) were killed at 12 weeks of age for assessment of insulitis severity. Mice were anaesthetised with pentobarbital (40 mg/kg intraperitoneally) and pancreata were dissected, weighed, fixed in 4% paraformaldehyde, embedded in paraffin and sectioned at 7 μm for haematoxylin and eosin staining. Sections were scored for insulitis (observers being blinded to group) as follows: grade 0 = no insulitis; grade 1 = peri-insulitis; grade 2 = non-aggressive insulitis with lymphocytic infiltration in <50% of the islet; grade 3 = aggressive insulitis with lymphocytic infiltration in >50% of the islet [14] . Three sections were scored per mouse, representing 43-135 islets (85±5 islets) per mouse.
Evaluation of beta cell mass Offspring in control and undernourished groups were killed at 14 days of life for measurement of total beta and non-beta cell mass via point counting morphometry [15] . Using a cocktail of antiglucagon and anti-somatostatin antibodies (Linco Research, St Charles, MO, USA) and anti-rabbit secondary anti-bodies, 3-to 5-μm sections were immunostained; these were developed with diaminobenzidine and counterstained with haematoxylin. A microscope was connected to a colour camera and monitor with a 48-point transparent overlay, and each block was scored systematically at a final magnification of 406×. In non-overlapping fields, investigators counted intercepts over beta cells, endocrine nonbeta cells, exocrine pancreatic tissue and non-pancreatic tissue. Fifty fields were evaluated for each mouse [15] . Beta cell mass was calculated from the relative beta cell volume multiplied by the pancreatic weight.
Evaluation of apoptosis Mice in control and undernourished groups were killed at 14 days (n=12), 12 weeks (n= 10 females) and 20 weeks (n=6 females) for evaluation of pancreatic apoptosis. Pancreata were sectioned at 5 μm for terminal deoxynucleotidyl transferase-mediated d-UTP nick-end labelling (TUNEL; Roche Diagnostics, Mannheim, Germany) [16] .
Maternal and offspring leptin analysis Serum was collected from: (1) pregnant dams at 12.5 and 18.5 days of gestation; and (2) control and undernourished offspring at 4, 8, 12, 16, 20, 24 and 27 weeks for ELISA-based leptin measurement (Crystal Chem).
Dual-energy X-ray absorptiometry Dual-energy X-ray absorptiometry (DEXA; Lunar PIXImus Research Mouse Densitometer; GE Healthcare, Madison, WI, USA) was performed at 12, 16, 20 and 24 weeks to quantify fat mass, lean mass and bone density. Prior to testing, animals were sedated with tribromoethanol-tert-amyl alcohol (1:1, 0.015 ml/g body weight intraperitoneally).
Statistical analyses Results are expressed as mean±SEM. Cumulative diabetes incidence was modelled as a KaplanMeier survival function and significance calculated via logrank test. For group comparisons, analysis was performed using a two-tailed t test assuming unequal variances unless otherwise specified (JMP Version 6.0.0; SAS Institute, Cary, NC, USA). For insulitis scoring, a χ 2 test was performed (Web Chi-Square Calculator software, http://www. georgetown.edu/faculty/ballc/webtools/web_chi.html). We considered p values less than 0.05 to be statistically significant.
Results

Birthweight and growth parameters
We have previously established a mouse model of low birthweight related to maternal undernutrition during pregnancy [17] . Control NOD dams tended to give birth to larger litters (control: 8.59±0.45 pups; undernourished: 7.32±0.52; p=0.07).
Litter size was normalised to five pups per nursing dam to minimise effects of litter size on postnatal growth. As expected, the birthweight of undernourished pups was reduced (control: 1.53±0.02 g; undernourished: 1.24± 0.02 g; p=0.00003) (Fig. 1a) . The body weight of female undernourished offspring remained significantly lower than that of control offspring until 12 weeks of life, after which body weights were comparable.
Body composition Since growth curves suggested that undernourished mice had undergone postnatal catch-up growth, often accompanied by increased adiposity [18] , we performed DEXA at 12, 16, 20 and 24 weeks. Fat mass (as percentage of body weight) at 24 weeks was significantly higher in the undernourished group than in controls (control: 20.3±4.8%; undernourished: 27.9±4.1%; p= 0.001) (Fig. 1b) ; similar trends were observed at 12, 16 and 20 weeks.
Diabetes incidence Prenatal undernutrition had a marked protective effect on development of diabetes. The cumulative diabetes incidence in females by age 24 weeks was 73% among controls and 48% in antenatally undernourished mice (p=0.003 by log rank test) (Fig. 2a) . Mean age at diagnosis of diabetes was 16.8±0.5 weeks in control vs 17.8±0.9 weeks in undernourished mice (p=0.32); median age at diagnosis was 17 weeks in control vs 19 weeks in undernourished mice. Although 90% of male NOD mice develop insulitis, only 20-30% develop overt diabetes [19] . However, diabetes can be unmasked in males with cyclophosphamide [13] . Using this approach, we observed that the cumulative diabetes incidence 16 days after cyclophosphamide injection was 87% in controls and 68% in undernourished mice (p=0.058, log rank test) (Fig. 2b) . In addition, control males tended to develop diabetes earlier than undernourished males. The mean time of development of diabetes was 10.8±0.4 days in controls vs 11.9±0.5 days in the undernourished group (p=0.1); median time was 10 days in controls and 12 in undernourished mice.
Glucose and insulin dynamics To assess between-group differences in glucose and insulin secretory patterns, we measured random-fed glucose and performed intraperitoneal glucose and insulin tolerance tests. Random-fed glucose levels remained similar between control and undernourished offspring until 14 weeks of age, after which glucose levels tended to increase in controls, coinciding with the development of diabetes (not shown). Glucose tolerance tests revealed minimal differences between groups, although the AUC tended to be higher in control females both at 8 weeks (control: 876±93 mmol min
; undernourished: 630± 35 mmol min
; p=0.08) (Fig. 3a) and 12 weeks (control: 1,039±86 mmol min
; undernourished: 850±79 mmol min
; p=0.11, not shown). Intraperitoneal insulin tolerance tests, performed in females at 8 and 12 weeks (Fig. 3b) and in males at 8 weeks, demonstrated no significant differences in insulin sensitivity between control and undernourished groups. Fasting insulin was similar at 8 weeks (control: 76± 12 pmol/l; undernourished: 59±8.6 pmol/l; p=0.265), but by 12 weeks fasting insulin was significantly higher in controls (control: 215±40 pmol/l; undernourished: 83± 16 pmol/l; p=0.008) (Fig. 3c) . There was no difference in fed insulin between undernourished and control females (not shown).
Pancreatic mass, histology and insulitis Pancreatic weight at 12 weeks, both in absolute values and as a percentage of body weight, did not differ between control and undernourished mice (control: 0.282±0.026 g; undernourished: 0.276± 0.011 g; p=0.70). Beta cell mass at age 14 days was also are expressed as per cent of basal glucose level following insulin injection (1 U/kg intraperitoneally) at time 0. z** p<0.01 for difference between control and undernourished groups at age 12 weeks Fig. 2 Cumulative survival to diabetes diagnosis in (a) female NOD offspring (n=101) and (b) male NOD offspring of control (thick lines) and undernutrition (thin lines) pregnancies (n=101). Male NOD offspring (n=38) were treated with cyclophosphamide on day 0 (at age 12 weeks). ** p<0.01 Fig. 4 Representative light micrographs of islets affected by insulitis in control (C) (a) or intrauterine undernourished (UN) (b) offspring at age 12 weeks. Note differences in the extent of lymphocytic infiltration of the islet. Severity of insulitis at 12 weeks in control or intrauterine undernourished NOD offspring. c, control males; d, UN males; e, control females; f, UN females. Insulitis score: green, grade 0; yellow, grade 1; orange, grade 2; red, grade 3. For male and female mice the distribution of insulitis severity was significantly different between control and undernourished groups ( p<0.001 by χ similar between groups (control: 0.4±0.1 mg; undernourished: 0.5±0.10 mg; p=0.24).
Insulitis, i.e. monocytic/lymphocytic infiltration of pancreatic islet cells, is a pathological lesion that accompanies autoimmune diabetes in mice and humans [14] . To determine whether differences in diabetes incidence between control and undernourished NOD mice reflected differences in insulitis, we performed detailed histological evaluation of pancreatic islets. Light micrographs of representative islets are shown in Fig 4a,b. For both females and males, islets from controls were more likely to have severe (grade 2 or 3) than mild (grade 0 or 1) insulitis (Fig. 4c-f) . In females, 40.4% of islets in controls were graded as severe, compared with 30.6% of islets in undernourished mice (p<0.01 by χ 2 test). Differences were even more striking in males, with 29.5% of control islets graded as severe, but only 12.3% graded as severe in undernourished mice (p<0.001 by χ 2 test). Mean insulitis scores for control and undernourished female mice were 2.2±0.73 and 2.0±0.70, respectively, at age 12 weeks (p= 0.63) (Fig. 4g ). For males, mean insulitis scores were significantly lower in the undernourished group (control: 1.86±0.41; undernourished: 1.43±0.26; p=0.05) (Fig. 4h) .
Apoptosis We hypothesised that rates of apoptosis would differ between control and undernourished offspring mice, given that apoptosis is the final common mechanism of pancreatic beta cell death in both spontaneous and cyclophosphamide-accelerated diabetes in NOD mice [20] . We therefore examined pancreatic sections from mice at 2, 12 and 20 weeks of life to quantify the percentage of apoptotic beta cells. As seen in Fig. 5a , there was extensive evidence of apoptosis in islets at 2 weeks of age, consistent with the wave of apoptosis in normal islets during early postnatal life [21] . The overall pancreatic islet number and the percentage of apoptotic cells were lower by 20 weeks. However, control mice tended to have more extensive apoptosis than undernourished mice; these differences reached statistical significance at 20 weeks (control: 6.3± 1.4%; undernourished: 4.2±0.3%; p=0.05) (Fig. 5b) .
Serum leptin Leptin is an adipocyte-derived hormone that parallels nutritional status and contributes to satiety responses. Moreover, it may play an important role in immune responses and beta cell function [22] . Leptin levels did not differ between control and undernourished pregnant dams on day 12.5 of gestation (i.e. prior to diet restriction). However, by day 18.5 of gestation, leptin was significantly decreased in undernourished dams, probably reflecting decreased fat stores (control: 1,425±406 pmol/l; undernourished: 448±146 pmol/l; p=0.03) (Fig. 6a) . Leptin levels were significantly higher in undernourished offspring at 4 weeks of age (control: 458±44 pmol/l vs undernourished: 589±41 pmol/l; p=0.03). At 8 weeks they became similar, but increased again in undernourished mice after 20 weeks. By 27 weeks, leptin levels were nearly twofold higher in undernourished offspring (control: 598±86 pmol/ l vs undernourished: 1,114±162 pmol/l; p=0.004).
Discussion
Observational human studies support the hypothesis of an important role for the prenatal and early postnatal environment in shaping risk of type 1 diabetes. To determine whether prenatal nutrition modulates diabetes incidence in an experimental setting, we applied a model of maternal undernutrition and low birthweight to the diabetes-prone NOD mouse. We demonstrate that a 40% reduction in maternal nutrition during the final week of gestation reduces the incidence of diabetes in female NOD offspring by 35%. Similarly, male offspring of undernourished mothers demonstrated a modest degree of protection from the diabetogenic effects of cyclophosphamide, although these differences did not reach statistical significance. Undernourished mice were 19% less likely than controls to have overt diabetes 16 days after cyclophosphamide injection; the undernourished mice that did develop diabetes did so almost 2 days later than controls.
Our model of low birthweight appears to exert its protective effects via changes in insulitis, an inflammatory lesion that accompanies the development of diabetes in NOD mice and humans. There is some controversy as to whether insulitis in itself is pathological, as many NOD mice with histological evidence of insulitis (particularly males) never progress to overt diabetes [12] . Rather, the progression from insulitis to overt diabetes appears to be a complex, coordinated process involving T helper cells, macrophages and natural killer cells, loss of T suppressor cells and, ultimately, release of cytokines with direct toxicity to beta cells (IFN-γ, IL-1β, IL-6 ) [23] . In our experiment, undernourished mice had significantly less severe insulitis than control mice. Thus, the lower incidence of diabetes observed in undernourished female offspring is likely to reflect reduced progression from innocuous insulitis to destructive insulitis. Moreover, diabetes was delayed and reduced in incidence in undernourished males following cyclophosphamide treatment, a finding suggesting protection from cyclophosphamide-induced insulitis and/or macrophage and lymphocyte activation [24] . It will be important for future research to examine specific mechanisms by which in utero undernutrition affects the immunological chain of events leading from insulitis to diabetes in NOD mice.
Beta cell apoptosis is a late event in the cascade leading to autoimmune diabetes in mouse and man [20] . Apoptosis was reduced in undernourished as compared with control mice at age 20 weeks, a time course that parallels the decreased incidence of diabetes in undernourished offspring. While apoptosis is a key effector of immune destruction, interestingly, it is also central to the process of pancreatic remodelling that occurs in the early postnatal period in rodents [21] . A similar process is thought to occur during late gestation and early postnatal life in humans. It has been speculated that this remodelling period may affect risk of diabetes through selection of beta cell populations that may be more or less vulnerable to autoimmunity. We did not, however, detect any differences in apoptosis or in beta cell mass between control and undernourished mice at 14 days. Nonetheless, it is interesting to speculate that the beta cell populations emerging during this time may differ in their functional capacity.
While the adipocyte-derived hormone leptin was initially identified as a major regulator of body weight, energy balance and endocrine function, leptin also has effects in the beta cell, decreasing insulin expression and secretion [25] , as well as inhibiting apoptosis [26] . Conversely, leptin also enhances pro-inflammatory autoimmune responses [22] and accelerates diabetes in female NOD mice, perhaps by increasing IFN-γ secretion [27] . Leptin-resistant NOD/ LtJ mice harbouring the Lepr db−5J leptin receptor point mutation (which reduces receptor dimerisation but permits limited leptin signalling) are protected from insulitis and autoimmune diabetes despite early-onset obesity and hyperinsulinaemia, perhaps via inhibition of T cell effector responses [28] . In our experimental protocol, leptin was significantly elevated in undernourished offspring, consistent with postnatal 'catch-up' growth, increased adiposity and, perhaps, leptin resistance. It is interesting that while insulin levels in Lepr db−5J mice are increased (in contrast to our undernourished mice), leptin levels in the undernourished and in Lepr db−5J diabetes-resistant mice are increased. The question of how these differences in leptin and leptin signalling are mechanistically linked to the reduction in autoimmune diabetes in undernourished mice will be an important subject of future study. It will also be important to elucidate how other adipocyte-derived hormones, such as adiponectin (which is reduced in low-birthweight human infants [29] and, like leptin, has immunomodulatory properties [30] ), affect autoimmune diabetes risk.
The 'beta cell rest' hypothesis proposes that endogenous beta cell activity affects the natural history of type 1 diabetes, and that strategies to decrease insulin secretion (e.g. diazoxide, exogenous insulin) may preserve beta cell function and delay diabetes onset [31] . Conversely, increased insulin demand may aggravate beta cell autoimmunity due to increased antigen expression. Although strategies to decrease insulin secretion have not been effective in humans [32] , we wished to determine whether differences in insulin secretion that were present prior to the onset of insulitis could account for some of the differences in diabetes incidence between undernourished and control mice. Although fed insulin levels did not differ, fasting insulin was significantly lower in undernourished mice. These data are consistent with the reductions in either intrinsic insulin secretory capacity or beta cell mass that have been observed in models of antenatal undernutrition [17, 33, 34] and which may, in turn, reduce antigenic stimulus and beta cell autoimmunity in our model. While our findings are potentially consistent with the beta cell rest paradigm, metabolic factors may also contribute to observed differences in diabetes risk. Although insulin tolerance testing demonstrated equivalent wholebody insulin sensitivity, we cannot exclude the possibility that tissue-specific insulin sensitivity differed as a function of prenatal nutrition and contributed to altered beta cell physiology. For example, experimental disruption of insulin action within the beta cell reduces insulin secretion in rodents [35] . Similarly, alterations in insulin sensitivity or differentiation state in adipose tissue may modulate beta cell function, via altered secretion of adipocytokines (e.g. visfatin) [36] . Thus, both immunological and metabolic factors may contribute to the reduction in diabetes risk associated with antenatal undernutrition.
Although the effects of in utero undernutrition on diabetes incidence in NOD mice have not, to our knowledge, been previously studied, our findings are consistent with human data linking birthweight and type 1 diabetes risk. In a large prospective cohort of Norwegian children, the risk of diabetes increased linearly with increasing quintiles of birthweight, with infants in the top quintile (>4,500 g) having double the risk of diabetes as compared with infants in the lowest quintile (<2,000 g) [2] . Similarly, a large European case-control study demonstrated a threefold reduction in diabetes risk among low-birthweight infants [3] . Other epidemiological studies, however, have failed to demonstrate a clear association between birthweight and type 1 diabetes risk [37, 38] or have only found a link between birthweight and diabetes before age 10 years [39] .
In humans, the interpretation of studies implicating low birthweight is complex, as birthweight is influenced by parity, pregnancy complications, maternal age, nutrition, placental function and genetic determinants both of size at birth and of later diabetes incidence (e.g. HLA DQ [40] ). Our experimental model allowed us to verify the importance of the intrauterine nutritional environment in isolation from other determinants of birthweight in modifying diabetes risk, which represents an advantage over human observational studies in this area. However, caution should be exercised when extrapolating our findings to humans, as placental insufficiency, and not maternal undernutrition, is the most common cause of low birthweight in Western countries. A second challenge when interpreting our findings stems from the difficulty in separating the effects of in utero undernutrition from subsequent consequences of undernutrition, namely, the 'catch-up' growth that follows periods of suboptimal nutrition. It is critical to understand these distinctions, as human data suggest that periods of rapid weight and height gain tend to precede type 1 diabetes [10, 11] ; it is not clear whether the nutritional environment or accompanying patterns of growth, hormonal secretion or metabolism contribute to diabetes risk.
Data from animal models, however, do in fact indicate that nutritional status is a key determinant of diabetes risk. Alternating periods of feeding and fasting reduces diabetes incidence in BioBreeding rats [41] , while a high-protein diet hastens diabetes [42] and protein-rich high-fat diets accelerate beta cell loss by apoptosis in pre-diabetic NOD mice [43] . Moreover, infusions of fatty acids or glucose induce apoptosis in rat islets, an effect reversed by leptin [44] . Thus, the protective effects of antenatal undernutrition on the incidence of diabetes may be mediated through prevention of apoptosis [45] ; further studies will be required to test this hypothesis.
Immune modulation is another mechanism that may underlie the association between birthweight and risk of type 1 diabetes. In humans, low-birthweight neonates have defects in humoral and cell-mediated immunity [46] . These immune deficits have been documented from the perinatal period into adolescence [47] , leading to the hypothesis that the immune system, like the endocrine and cardiovascular systems, may be 'programmed' in utero.
Further evidence for the immunomodulatory properties of undernutrition comes from animal studies. In mice, undernutrition forestalls development of autoimmune renal disease and blunts other manifestations of autoimmunity. Moreover, in rats, lifelong food restriction reduces antigentriggered memory T cell responses and increases levels of the anti-inflammatory interleukin IL-2, while lowering levels of IL-6 and TNF-α. Restriction of energy intake increases circulating corticosterone levels, which in turn enhances negative selection of potentially autoreactive CD4-CD8 cells in thymus [48] . Maternal undernutrition during gestation may also decrease transplacental transmission of islet antibodies, a process which can also contribute to diabetes in NOD mice [49] . While our experiment showed a significant effect of intrauterine undernutrition on the degree of insulitis in NOD mice, suggesting that immune responses are altered in our low-birthweight model, we did not measure anti-islet antibodies, corticosterone, lymphocyte numbers or activity, or cytokines. Future studies measuring these markers should help to delineate the immunological mechanisms through which intrauterine undernutrition reduces risk of type 1 diabetes.
In conclusion, in utero undernutrition protects NOD mice from spontaneous and cyclophosphamide-induced autoimmune diabetes. These findings are consistent with observed epidemiological links between birthweight and risk of type 1 diabetes in humans. Furthermore, our experimental data suggest that leptin and/or leptin resistance may play a potential role in altering levels of insulitis and beta cell apoptosis, thus modifying the onset of diabetes. Identifying precise metabolic and immunological mechanisms for the protective effects of antenatal undernutrition and low birthweight will be an important area for future investigation.
